We report a facile, yet precisely controlled and efficient atomic layer deposition 
Introduction
Copper sulfides have attracted significant attention over the past few decades as potential material candidates for a number of advanced applications, [1, 2] ranging from optoelectronics [3, 4] to biomedical devices. [5] [6] [7] The early studies on copper sulfide materials were motivated by the superconductivity (Tc = 1.6 K) and the certain similarity of CuS to the copper oxide high-Tc superconductors owing to its quasi-two-dimensional layered crystal structure. [8] [9] [10] However, the more recent rapidly growing interest in copper and other metal sulfides is mostly driven by energy and photonic applications where the earth-abundant sulfide materials would be attractive low-cost alternatives to the existing materials. For example, so-called CIGS or Cu)In,Ga)(S,Se)2 absorber solar cells have shown record-high cell efficiencies up to 21.7%. [11, 12] Also, CuS has been considered as an interesting cathode material candidate for lithium-ion batteries. [13, 14] Copper sulfide thin films have been fabricated by various deposition techniques, such as chemical vapor deposition, [15] sputtering, spray pyrolysis, [16, 17] chemical bath deposition, [18, 19] and electrochemical methods. [20] [21] [22] However, in most cases the required control over the film stoichiometry and phase composition is poorly achieved due to the coexistence of several stable and metastable copper sulfide phases. [23] Moreover, fabrication of continuous copper sulfide coatings with a well-controlled morphology on high-aspect-ratio nanostructures has remained a challenge. It is here in particular where the atomic layer deposition (ALD) technique could provide us with clear advantages over the other thin-film technologies for the deposition of high-quality copper sulfide thin films for various advanced applications including the photovoltaics. [17, 24, 25] Atomic layer deposition is based on sequential and self-limiting gassurface reactions, and is known to yield exceptionally homogeneous coatings in atomic-scale precision independent of the substrate geometry. precursors together with hydrogen sulfide H2S as the source of sulfur; [26] the same applies to the reported copper sulfide ALD processes as well, see Table 1 . The main merit of H2S is that it is highly reactive towards common metal precursors. However, H2S is a flammable, corrosive and highly toxic gas, and its incorporation in the ALD technology presents several serious technical challenges. The special precautions required for the safe use of H2S may even be one of the reasons why only 16 metal sulfide ALD processes have been so far reported during the half a century long ALD history. [26] Another drawback of the H2S-based ALD processes is the slowness of these processes, see e.g. the growth rate values given in Table 1 for the copper sulfide processes. Moreover, majority of the reported copper sulfide processes yield Cu(I) sulfide as the main phase; hence, there is a clear interest in a new robust and efficient ALD process for high-quality Cu(II) sulfide thin films.
[27] Despite the fact that some of the early ALD processes employed elemental sulfur instead of H2S as the sulfur source, [35] to the best of our knowledge no sulfur-based ALD processes have been reported for copper sulfide thin films. Here, we present a simple and efficient lowtemperature ALD process for the deposition of high-quality p-type conducting CuS thin films from copper acetyl acetonate and elemental sulfur precursors, as a highly viable solution to the challenges discussed above.
Results and Discussion
We first explored the deposition parameters of our Cu(acac)2+S process as demonstrated in Figure 1 . In Figure 1a the growth-per-cycle (GPC) value, calculated from the AFM-determined film thickness value and the number of ALD cycles applied, is plotted against the precursor pulse lengths; it can be seen that the self-limiting surface saturation of the precursors is achieved with relatively short pulse lengths, as the GPC value remains constant and independent of the choice of the pulse lengths once the pulse length for Cu(acac)2 is 2 s or longer. In Figure 1a this is demonstrated at 160 to 2 s for Cu(acac)2 and to 1 s for sulfur; the N2 purge length was 4 and 2 s, respectively.
As presented in Figure 1b , the impact of the deposition temperature was investigated in the range from 140 to 240 o C; note that the lower limit was defined by the sublimation temperature of the Cu(acac)2 precursor and the higher limit by its decomposition temperature. [36, 37] It is seen that with increasing temperature the GPC value first remains constant at ca. In Figure 3 we show the XRR patterns (together with the derivatives of the patterns in the inset) recorded for our CuS films deposited at different temperatures. As is evident from the main figure, the films do not show the fringe pattern commonly observed for thin films with smooth surfaces. The lack of the fringes is due to the surface roughness of the films which is rather typical for highly crystalline ALD films; [38] the surface roughness is also seen from the AFM images in Figure 4 . It is well known that XRR patterns are very sensitive to the surface roughness, such that the fringes are unlikely to be distinguished when the roughness exceeds 2-3 nm. [39] Therefore we could not use the XRR data to confirm the AFM-determined film thickness values; however, the patterns contain information on the electronic density profile perpendicular to the film surface, and reveal hence useful information of the film density.
We calculated the film densities from the so-called critical angles (below which the incident X-rays are totally reflected from the surface); these were best determined from the derivative XRR curves shown in the right inset of Figure 3 . In general, the higher the electron density is, the higher is the critical angle. [40, 41] For our ALD CuS thin films the critical angle shifts to the lower angles as the deposition temperature increases indicating that the films deposited at the higher temperatures are less dense than those deposited at the lower temperatures. As displayed in the left inset of Figure 3 , the estimated density is 3.8 g/cm 3 for the films deposited in the range 140-160 o C; this is comparable to the bulk density of 4.6 g/cm 3 reported for hexagonal CuS structure (JCPDS card 00-006-0464). For the films deposited at the higher temperatures the density value monotonically decreases down to 2.4 g/cm 3 .
We used SEM and AFM to further investigate the surface morphologies of the films, see [42-44] The S 2p region (inset of Figure 5 ) presents the S 2p3/2 and S 2p1/2 spin-orbit doublet at binding energies 161.5 and 162.5 eV, respectively, and thus separated by 1.0 eV, in agreement with literature data for CuS. [42, 45] Also, the atomic ratio for Cu and S as estimated from the relative intensities of the Cu 2p and S 2p peaks corresponds to the CuS phase. However, a distinct C 2p peak was seen as well (not shown here) for all the samples investigated indicating that there is some carbon impurity in our CuS films possibly of the order of few atomic percentages (seemingly independent of the deposition temperature). We believe it could be reduced by choosing in future works a longer purge time than the one chosen for present depositions for the copper precursor.
To estimate the optical bandgaps, UV-Vis absorbance measurements were carried out for our CuS thin films deposited at different temperatures (on borosilicate glass substrate). The absorption coefficient (α) data calculated from the UV-Vis spectra using the formula α = 2.303 A / t, where A is absorbance and t the film thickness, are displayed in the inset (a) of Figure 6 .
The onset of the sharp rise seen in the absorption coefficient for each sample around 550 nm corresponds to the room-temperature optical bandgap energy of the film. The equation (αhν) 1/n = K(hν -Eg), where ν is the frequency of incident radiation and K is an arbitrary constant, was then used to determine the exact optical bandgap value. We initially fitted the data for both the direct and indirect bandgaps; a value of ½ and 2 was given to n, respectively. A clearly better fit was achieved with n = ½ indicating towards a direct bandgap in our CuS films in accordance with the latest literature data for CuS.
[2, [46] [47] [48] [49] As seen from the Tauc plots in the main Figure 6 and the inset (b), the direct bandgap of the films varies in the range of 2.40-2.54 eV, depending on the deposition temperature, first slightly increasing and then decreasing with increasing deposition temperature. We believe this may be related to the changes in the size and morphology of crystallites. In overall, the obtained optical bandgap values are consistent with the values reported in previous studies for bulk and thin film samples of CuS.
[50,51]
Finally, in Figure 7 we show the electrical transport properties, i.e. resistivity and Seebeck coefficient, of the films as a function of temperature. It is widely believed that while Cu2S is a p-type semiconductor, pure/stoichiometric CuS should exhibit a metallic-type conduction behavior; in nonstoichiometric Cu1+xS the p-type conduction is attributed to the free holes from copper acceptor vacancies that increase as x decreases from 1 to 0. However, there are several reports on semiconducting CuS thin films as well. [52, 53] Our CuS films show a perfect metallic conduction behavior (dρ/dT > 0) for the whole temperature range measured, i.e. 77-400 K. The absolute resistivity values of the films increase substantially with increasing deposition temperature. Carbon contamination might affect the resistivity values; since we did not observe any significant differences in carbon content for our CuS films deposited at different temperatures we tentatively assume that the large changes in film density (from 3.8 to 2.4 g/cm 3 with increasing deposition temperature) could be the dominant reason for the observed changes in resistivity. The minimum room-temperature resistivity of 0.63 µW-m is seen for the CuS film deposited at 140 o C. In Seebeck coefficient data the broad minimum around 250-350 K is quite similar to the minimum observed in metals such as copper, silver, etc., after phonon drag peak at low temperatures. Here, however it is comparatively broad, and may be rather related to the morphological changes observed in the SEM images and grain boundary scatterings that may play an important role in electrical transport processes. Moreover, the positive Seebeck coefficient values confirm the p-type conducting nature of the films as expected based on previous reports for CuS.
Conclusions
We have demonstrated a novel ALD process for copper sulfide thin films utilizing elemental S instead of the commonly employed H2S as the source of sulfur. Combined with Cu(acac)2 as the source of copper, the new process yields single-phase highly crystalline CuS thin films through self-limiting surface reactions at as low deposition temperatures as 140-160 o C. A small carbon impurity is revealed from XPS measurements; nevertheless, resistivity and Seebeck coefficient measurements confirm p-type metallic-like conductivity for the films, as expected for high-quality CuS films. We believe that by using essentially longer N2 purge periods after the Cu(acac)2 precursor pulse it could be possible to reduce the carbon content;
this should be systematically investigated in future works.
A highly attractive feature of our Cu(acac)2+S process is the high growth rate of the films;
in the deposition temperature range of 140-160 o C the GPC value was ca. 4 Å/cycle which is an order of magnitude higher than the values typically reported for various H2S based copper sulfide ALD processes. From the basic sulfur chemistry we know that depending on the conditions the sulfur vapor may contain not only atomic S, but also larger units, such as S2, S4, S6 or S8.
[54] Hence, it is possible that during the sulfur precursor pulse the film surface may be exposed to an excessive number of sulfur atoms per the reactive site; tentatively, we believe that this could explain the appreciably high GPC values.
The films deposited at 140- Finally we like to emphasize that metal sulfide ALD processes based on elemental sulfur have been little explored. For comparison, it is interesting to note that there are several reports on the preparation of metal sulfide nanoparticles from metalorganic precursors and elemental sulfur using solution process techniques. [55, 56] In particular, preparation of CuS nanoparticles have been reported using Cu(acac)2 and elemental sulfur in oleyamine solution. ]51,57 [ We positively believe that our promising results with the Cu(acac)2+S process could motivate researchers to develop sulfur-based ALD processes for other metals as well, and even similar processes based on elemental selenium or tellurium for metal chalcogenides as these materials are gaining increasing interest in many advanced technologies.
Experimental Section
The CuS thin-film depositions were carried out in a commercial flow-type F-120 reactor manufactured by ASM Microchemistry Ltd (Espoo, Finland). [58] The precursor vapors were consecutively pulsed into the reactor while high purity (99.999%( nitrogen was used as a carrier and purging gas. The precursor powders were procured from commercial sources, i.e. Cu(acac)2 from STREM chemicals (purity 97%) and elemental sulfur from Sigma Aldrich (purity 99.999%) and pulsed into the reactor in a sequence. The sublimation temperatures were: 140 o C for Cu(acac)2 and 115 o C for S, and the pulse time was varied between 1-5 s. In each case, the successive N2 gas pulse length for purging was 2 s longer than the precursor pulse. The total reactor pressure varied between 3-4 mbar during the depositions. The films were deposited on 3.5×3.5 cm 2 borosilicate glass and silicon substrates (without removing the native oxide layer in the latter case). It should be noted that Cu(acac)2 was selected as the source for copper as it is a common copper precursor used in ALD processes of many Cu compunds; in our preliminary experiments Cu(thd)2 was tested as well but it did not react with elemental sulfur.
Crystallinity and phase composition of the films were investigated with grazing incidence X-ray diffraction (GIXRD; PANanalytical model X'pert Pro diffractometer; CuKα radiation).
The same diffractometer was used for the X-ray reflectivity )XRR( measurements. The films were highly crystalline and therefore the surface roughness was too high for the XRR data to be used for film thickness determination; however, the XRR data were used to estimate the film densities from the critical angles. The film thicknesses were estimated with atomic force microscopy (AFM; TopoMetrix Explorer) using the cantilever tip jump technique; Before the XPS analysis the film surface was sputtered with Ar + for 30 s to remove any surface contaminants, as the films had been stored in ambient conditions for several weeks.
For the physical-property characterization, both UV-vis absorbance (Perkin Elmer UV/VIS Spectrometer, Model: Lambda 2) and electrical transport measurements were performed. For the electrical transport measurements the films were deposited on borosilicate glass substrates. Temperature-dependent dc electrical resistivity measurements were performed on square substrates of 1x1 cm 2 in linear four-probe geometry. The spacing between the probes was fixed to 1 mm and the electrical contacts were made using colloidal silver paste (Ted Pella.
Inc. USA). The films were put upside down on the contacts and spring pressed to avoid any loose connection during the temperature-sweep measurements. Seebeck measurements were conducted using a homemade setup based on equilibrium principle.
[60] In (a) and (c), the deposition temperature was 160 o C. Note that in (a) the purge time was increased together with increasing precursor pulse time such that the purge time was always longer than the precurcor pulse time to ensure the complete removal oft he precursor excess and the reaction by-products. 
